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Cowpea mottle virus (CPMoV) is a T = 3 virus that belongs to Carmovirus genus of the Tombusviridae family. Here, we report the crystal
structure of CPMoV determined to a resolution of 7.0 A˚. The structures and sequences of three Carmoviruses, CPMoV, Turnip crinkle virus
(TCV), and Carnation mottle virus (CarMV) have been compared to TBSV from the Tombusvirus genus. CPMoV, TCV, and CarMVall have
a deletion in hC strand in the S domain relative to TBSV that may be distinctive to the genus. Although CPMoV has an elongated C-terminus
like TBSV, it does not interact with the icosahedrally related P domain as observed in TBSV. In CPMoV, the termini of A and B interact with
the icosahedrally related shell domains of A and C, respectively, to form a chain of interactions around the 5-fold axes. The C subunit
terminus does not, however, interact with the B subunit because of quasi-equivalent differences in the P domain orientations.
D 2004 Published by Elsevier Inc.Keywords: Carmoviruses; Crystallography; Tombusviridae; StructureIntroduction
The genus Carmovirus of the family Tombusviridae is
composed of 11 viruses with 30-nm-diameter capsid, a
ssRNA genome of 4.0 kb, and 180 protein subunits of
approximately 38000 Da (Lommel et al., 2000). These
viruses have reported sedimentation velocities of 118–130
S and densities in CsCl of 1.35 F 0.01 g/cm3. They all have
five similar open reading frames consisting of two related to
polymerase, two related to movement protein, and a capsid
protein gene near the 3V terminus.
The chemical–physical properties of the Cowpea mottle
virus (CPMoV) are within the range of properties now
accepted as those of the Carmoviruses. The genome orga-
nization of CPMoV is more similar to that of the Carmo-
virus genus than that of the Tombusvirus genus. Also, like
CarMV (also a member of Carmovirus genus), CPMoV
RNA has a blocked 5V end and is not polyadenylated at the0042-6822/$ - see front matter D 2004 Published by Elsevier Inc.
doi:10.1016/j.virol.2004.01.018
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sity, West Lafayette, IN 47907, USA.3V end. The virus was not serologically related to Trinidad
cowpea virus, Nigerian cowpea yellow mosaic virus
(CYMV), or one strain of Southern bean mosaic virus
(SBMV-CS), but was related to Bean mild mottle virus
(BMMV) (Shoyinka et al., 1978; You et al., 1995) that
has been considered as a tentative member of the genus
Carmovirus. The typical symptom of cowpea leaves
infected by CPMoV is a combination of chlorosis, uniform
mosaic or mosaic-mottle. The virus is seed-borne in cow-
peas, transmitted by the beetle, Ootheca mutabilis, and was
often found in mixed infections with CYMV (Shoyinka et
al., 1978).
The two Carmoviruses that have been analyzed struc-
turally, Carnation mottle virus (CarMV; Morgunova et al.,
1994) and Turnip crinkle virus (TCV; Hogle et al., 1986),
have three domains in their protein subunits consisting of
an R domain that extends downward toward the center of
the virion, an S domain that forms the shell portion of the
capsid, and a P domain that projects outward from the
capsid. The P domains pair with icosahedrally related P
domains from adjacent subunits to form 90 projecting
structures. This virion structure is very similar to that of
the Tomato bushy stunt virus (TBSV; Harrison et al.,
1978), the only member of the genus Tombusvirus ana-
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grouping the genus Carmovirus with genus Tombusvirus in
the family Tombusviridae.
Here, we report the crystal structure of CPMoV deter-
mined to 7.0 A˚ and compare it to two other members of the
genus Carmovirus-CarMV (Morgunova et al., 1994) and
Carmovirus-TCV (Hogle et al., 1986), and Tombusvirus-
TBSV; all of which are members of the Tombusviridae.
Although certain portions of the capsid sequence of CPMoV
suggest that it could be a member of the Tombusvirus genus,
the structural details clearly demonstrate that it more likely
belongs to the Carmovirus genus. Interestingly, unlike all of
the other members of the Tombusviridae, the C-terminus of
CPMoV interacts with the shell domains of icosahedrally
related subunits.Fig. 1. Purification of CPMoV by Mono-Q ion exchange chromatography.
Shown here is the elution profile from the anion exchange column of the
sucrose gradient purified CPMoV samples. The solid line represents the
O.D. at 280 nm and the dashed line shows the salt concentration used
during elution. Although the material yielded only one band on an SDS-
PAGE gel, there are clearly multiple ionic species in the sample. The first,
major peak was collected and pooled for crystallization experiments.Results and discussion
Purification and crystallization of CPMoV
Previous experience with the purification of CPMoV
(Shoyinka et al., 1978) produced a sharp virus band
following sucrose density gradient centrifugation in a
zonal rotor but there is always a small band of dimers
and possibly higher orders of aggregation. For these
preparations, we selected only the middle portion of
the monomer band and stored it in the buffered sucrose
solution. However, these preparations produced only
small crystals surrounded by a great deal of precipitate.
The virus was further purified by anion exchange chro-
matography on a Mono-Q column (Fig. 1). Crystalliza-
tion from the major band of eluant resulted in the
formation of larger crystals. The lack of ionic homoge-
neity of the initial sucrose purified material is clearly
evident from the elution profile. This heterogeneity could
come from particle aggregation, but might also be due to
possible cleavage of the extended C-terminus because
only a portion of the density was observed for this
region. Although initial crystallization screens demon-
strated that several precipitants were able to produce
crystals (e.g. PEG 4,000, PEG 8,000, PEG 20,000,
ammonium sulfate, and MPD), they were very sensitive
to X-rays and hard to reproduce. The best conditions
were found to be a combination of 12% 2-propanol and
0.2 M CaCl2 with 0.1 M HEPES, pH 7.5, and low
temperature (12 jC).
Crystal structure determination
Both CarMV and TBSV crystal structures were used
as initial phasing models for structure determination. The
TBSV model served as the initial approximation for
determining phases of CPMoV starting at 10.7 A˚. The
overall correlation coefficient between TBSV and CPMoV
was over 90%, indicating TBSV is highly homologous toCPMoV. Subsequently, when it was clear that the crystal
structure of CarMV was a better match to the electron
density than TBSV, it was used as the initial phasing
model for CPMoV to 7 A˚. Irrespective of which initial
model was used for phasing, the resulting electron
densities for CPMoV were nearly identical to each other.
Although the resolution of this electron density was
not sufficient for placement of side chains, there were
regions where a backbone, polyalanine could be modeled
(see regions noted B, C, and D in Fig. 2). In the first
region (‘A’ in Fig. 2 and the bottom of Fig. 3), all of the
Carmoviruses lack a six-residue h-bulge in hC. This is
also evident in the electron density of CPMoV (Fig. 3).
In the CarMV model, the loop between h1 and h2 of the
P domain is six residues shorter than that in TBSV and
the L3 loop is two residues longer in CPMoV than in
TBSV (regions ‘B’ and ‘C’ in Fig. 2). There was density
corresponding to both of these differences in the CPMoV
and a backbone model was built for both. Finally, both
of the other Carmoviruses have a shorter C-terminal
region than TBSV. In contrast, CPMoV is much longer
than that observed in TBSV. In TBSV, this terminus
Fig. 2. Structure-based sequence alignment of some members of the Tombusviridae. The capsid protein sequences of these viruses are aligned in the arm, S, and
P domains with their secondary structural assignments noted underneath: helices are represented by tubes, h-strands by arrows, and coils by lines. Those
residues that are identical to the CPMoV sequence are highlighted in yellow. The residues of P domains involved in dimeric interactions are underlined and
highlighted in bold face. Alignments in the arm and S domains are based on the previous alignment (Kim and Bozarth, 1992) and the currently known crystal
structures of the various Tombusviridae. Alignments in the P domains are mostly based on the crystal structures. Various sites of interest that are discussed in
the text are denoted by letters.
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Fig. 3. Comparisons of some of the Tombusviridae capsid protein structures. Shown here are stereo images of the C subunits of TBSV (a Tombusvirus) and
TCV (a Carmovirus) aligned to that of CPMoV shown as C-a backbones colored green, blue, and red, respectively. The 2-fold axis runs vertically on the left
side of the page and the RNA interior lies at the bottom of the diagram. Note that the S domains align well whereas the P domain in TBSV is in a more vertical
orientation. Although there are differences between CPMoVand TCV P domain orientations, they are more alike than the P domains of CPMoVand TBSV. At
the bottom of the figure is an expanded view of the region labeled ‘A’ in the top panel of the figure that includes the CPMoVelectron density represented by the
grey cage. As shown here, the density clearly shows that the loop in hC in TBSV is not found in CPMoV, in agreement with the alignment (see the region
marked ‘A’ in Fig. 2).
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extensive contact with the icosahedrally related P domain.
Although not all of the additional residues were observed
and modeled in the CPMoV C-terminus, six residues
could be placed with confidence in subunits A and B.
However, density for the C-terminus was not observed in
subunit C.Sequence alignments and dimer contacts
Using sequence and structural homology, the S-domain
sequences of CPMoV, TBSV, CarMV, and TCV can be
aligned (Fig. 2). The sequence similarity of CPMoV to
TBSV, CarMV, and TCV is 27%, 28%, and 39%, respec-
tively (Kim and Bozarth, 1992). The alignment in the arm
Table 1
The surface contact between adjacent P domains of TCV, CarMV, and
TBSV
CarMV TCV TBSV
Charge 44% (352 A˚2) 7% (45 A˚2) 21% (278 A˚2)
Polar 4% (32 A˚2) 29% (188 A˚2) 23% (304 A˚2)
H.P. + A.P. 48% (385 A˚2) 57% (369 A˚2) 50% (661 A˚2)
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based alignment (Kim and Bozarth, 1992) and their Ca
backbone structures are nearly identical except for some of
the connections between the h strands. The great similarity
of tertiary structures of their S domains may reflect the strict
structural requirements for virus assembly. Notably, the
sequence alignment indicates TBSV has an insertion in
the hC region that is absent in CPMoV, TCV, CarMV and
agrees with the assignment of CPMoV, TCV, and CarMV to
the same genus.
In contrast, alignment in the P domains using the
sequence alone is nearly impossible with such a low
sequence similarity (12%, 12%, and 19% sequence identity
of CPMoV to TCV, CarMV, and TBSV, respectively). The P
domains of these viruses, although their sequence similar-
ities are very low, have nearly identical topology except for
some loop regions. The insertions/deletions are mostly in
loops 1, 3, 6, and 7, with all but loop 6 being solvent
exposed. The P domains of TCV, CarMV, and CPMoV (all
members of Carmovirus genus) have nearly the same
orientation with respect to the S domains such that they
can be directly superimposed. However, the orientation of
the TBSV (a member of the Tombusvirus genus) P domain
orientation with respect to the S domain is significantly
different (Fig. 3, top). The TBSV P domains have an
orientation that is more tangential to the capsid surface that
gives the dimers a more ‘rounded’ appearance. In contrast,
the dimers of P domains in TCV and CarMV interact at
more of an angle with each other, thus giving the protrusions
a more ‘hammerhead’ appearance (Hogle et al., 1986;
Morgunova et al., 1994). This suggests that the P domain
orientation is conserved among the members of the Carmo-
virus genus but is quite different than the Tombusvirus
genus.
From the sequence alignment, it is obvious that CPMoV
has a uniquely long carboxyl-terminus that is more remi-
niscent of TBSV than the other Carmoviruses. Also in
contrast to the S domain, the P domain regions L1 and
h10 are more like the Tombusvirus than the Carmovirus
genus. Therefore, based on sequence alignment alone, there
could be some question as to whether CPMoV is assigned to
the correct genus. Indeed, in either whole genome analysis
wherein all sequences are given equal weight (Stuart et al.,
2003) or in analysis of separate open reading frames
(Canizares et al., 2001), the Carmoviruses do not make a
closely homogeneous group.
To further understand the structural differences among
CPMoV, TCV, CarMV, and TBSV, the surface contacts
between adjacent P domains of TCV, CarMV, and TBSV
were calculated and characterized (Table 1 and Fig. 2). It
was found that the total surface contact area in TBSV
adjacent P domains is significantly larger than that of
TCV and CarMV. To examine what kind of amino acids
are involved in the dimer interactions, it was found that
all three viruses have a high percentage of hydrophobic
and aromatic interactions (48–57%). In contrast, thedistribution of charge and polar interactions among the
three viruses is different. CarMV has numerous charge
interactions (44%), and very little polar interactions (4%),
whereas TCV has a low percentage of charge interactions
(7%), but a significant amount of polar interactions
(29%). TBSV has fairly equal amount of polar and
charge interactions. If the specific residues involved in
the dimer interactions are compared, it was found that
these residues are not conserved among the three viruses,
indicating the dimeric interactions can be achieved by
different interactions in individual viruses. Therefore, the
residues comprising the P domain contact area cannot be
used to delineate the various genus designations. How-
ever, the greater P domain contact surface area in TBSV
appears to be largely due to the C-terminus forming
extensive contact with the icosahedrally related P domain.
The termini in the TCV and CarMV are shorter by nine
residues compared to TBSV and therefore do not have
this contact. However, the C-terminus in CPMoV is 21
residues longer than the other Carmoviruses and therefore
raises some questions as to whether CPMoV is more
structurally related to the Tombusviruses.
Structure of CPMoV
In each icosahedral asymmetric unit, there are three
subunits (A, B, C) related by T = 3 quasi-equivalence. Each
subunit has two ordered domains: P and S. Both the P and S
domains have a h barrel structure composed of two layers of
h sheets. The S domain has a twisted h barrel and three
short a helices in the connections between the h strands. Of
these S domains, 180 form a tight virus shell. In contrast, the
P domains are only composed of h sheets. P domains from
adjacent subunits form dimeric protrusions at the icosahe-
dral 2-fold axes (C/C subunits) and about the 5-fold axes (A/
B subunits).
The structures of members of the Carmoviruses (e.g.
TCV and CPMoV) have a very similar orientation of the P
domains that is different from that of TBSV (Fig. 3). In this
figure, the S domains of TCV and TBSV were aligned to
that of CPMoV using the program MolViewX (Smith,
1995). For both of these alignments, approximately 100
residues of the S domains aligned with an RMS deviation of
approximately 1 A˚. The orientation of the P domains of
TCV and CPMoV differ from that of TBSV and give the
protruding dimers more of a ‘hammerhead’-like shape,
whereas the dimers in TBSV form a smoother, knob-like
shape (Hogle et al., 1986; Morgunova et al., 1994).
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Even at the limited resolution of this electron density,
it is apparent that the C-terminus of CPMoV is unlike
that observed in any other member of the Tombusviridae
family. As shown in Figs. 4 and 5, the C-terminus
extends perpendicular to the P domain and lies along
the top of the icosahedrally related S domain on the
capsid. As shown by the arrow labeled ‘B’ in Fig. 4, this
C-terminus likely makes contact with the loop between
hE and aB. This is in stark contrast to TBSV (Fig. 4,
bottom) where the C-terminus extends vertically from the
capsid surface and makes extensive interaction with the
adjacent P domain. However, although the densities of
J. Ke et al. / Virolo354Fig. 4. The C-terminus of CPMoV. At the top of the figure is a stereo image of the a
of CPMoV. The arrow labeled ‘A’ highlights the C-terminus of the A subunit and i
arrow labeled ‘B.’ At the bottom is a stereo figure comparing the termini of CPM
contact interface with the RNA interior towards the bottom of the figure.the termini of the A and B subunits in CPMoV are
identical, there is no observable density in the C subunit.
This is likely because the angle of the capsid at the
icosahedral 2-fold axes forces this terminus up and away
from the capsid surface (Fig. 5).
What is particularly interesting is that these termini
form an interlocking network around the 5-fold axes. As
shown in the bottom of Fig. 5, the C-termini of the A
subunits interact exclusively with the S domains of the
adjacent A subunits in a clockwise manner. In contrast,
the B subunits interact with the adjacent C subunits but,
due to the angle of the capsid at the 2-fold axes, the C-
termini of the C subunits are not within contact distance
to the surface of the adjacent B subunits. These inter-veraged electron density (blue lines) around the C-terminus of the A subunit
ts contact with the icosahedrally related A subunit S domain is noted by the
oV (red) and TSBV (green). The view here is looking into the P-domain
Fig. 5. Interactions of the C-termini and the icosahedrally related S domains. At the top are two stereo diagrams of a portion of the CPMoV capsid represented
by a C-a backbone. The A, B, and C subunits are colored blue, green, and red, respectively, and the adjacent, icosahedrally related subunits are grey. The
middle stereo diagram is an expanded view of the mauve boxed area at the top. The icosahedral 5- and 3-fold axes are noted. In the top figure, the 5-fold related
A subunits interact via the C-terminus labeled ‘1,’ the interaction of the B subunit terminus with the C subunit is noted by the number ‘3,’ and, if the structure
was ordered, the C-terminus of the C subunit interacting with the B subunits is noted by the number ‘2.’ As noted in the text, only density for the A and B
termini is observable. These subunit interactions are summarized by the schematic at the bottom (adapted from Harrison et al., 1978).
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remains to be seen what impact these intersubunit link-
ages have on capsid stability and function.Conclusions
In summary, the crystal structure of CPMoV reported
here provides new information about this virus and shows
potential distinguishing properties of genus Carmovirus,
family Tombusviridae. Although its sequence similarity to
TCV, CarMV, TBSV (other members of Tombusviridae
family) is very low, they share highly homologous three-dimensional structures. Structural comparisons between
CPMoV, TCV, CarMV, and TBSV indicate that although
in some respects CPMoV is more closely related to TBSV,
many features support the assignment of CPMoV in the
Carmovirus genus of Tombusviridae family. Firstly, the
deletion of the h-bulge in the S domain is conserved among
the three members of the Carmovirus genus analyzed and
may be a consistent characteristic of Carmoviruses. Sec-
ondly, the orientation of the P domain, giving it a more
‘hammerhead’-like shape, is also consistent with its current
genus assignment. Finally, although the sequence of the h10
strand is more homologous to TBSV and the extended
length of the C-terminus is similar to TBSV, the interaction
J. Ke et al. / Virology 321 (2004) 349–358356of the C-terminus is not with the adjacent P domain but
rather with adjacent S domains. Therefore, we propose that
the extensive C-terminus–P domain interactions may be an
important hallmark of the Tombusvirus genus. Recently, the
structure of tobacco necrosis virus (Necrovirus, Tombusvir-
idae) has been published (Oda et al., 2000). This member of
the Tombusviridae is more similar to the Southern bean
mosaic virus and clearly different from either the Carmovi-
ruses or TBSV since it lacks a P domain and therefore does
indeed represent a unique genus. Recent whole genome
analysis supports this conclusion (Stuart et al., 2003).
In summary, it appears that ambiguity of phylogenic
assignments of viruses can be ultimately resolved from their
three-dimensional structures. In the case of CPMoV, there
were several points in the sequence alignment of the capsid
proteins that suggested it could be a member of the
Tombusvirus genus. However, the details ascertained by
the crystal structure proved otherwise. Accurate phylogenic
assignments are crucial as the biological properties of the
various genera are compared. In the case of the Carmovi-
ruses, it appears that the C-terminus does not interact with
the neighboring P domain regardless of its length. It will be
interesting to determine what role this unique structural
aspect plays in biological properties such as stability and
insect transmission. Also, it may be important to study the
structure of another Tombusvirus to see whether the C-
terminus/P domain interactions are a consistent property of
this genus.Table 2
CPMoV X-ray data statistics and crystal parameters
Data collection statistics
No. crystals 1
Oscillation angle (j) 0.25
Resolution (A˚) 30.0–7.0
Observations 103,612
Unique reflections 33,012
Rsym (%)
a 12.6
Completeness (%) 96.0
Crystal parameters
Space Group P4232
a (A˚) 376
VM (A˚
3/Da) 3.3
No. particles/unit cell 2
a Rsym = RIi  (Ii)/RIi.Material and methods
Purification of CPMoV
The cowpea strain of CPMoV (ATCC No. PV-955) was
propagated in cowpea (Vigna unguiculata cv. California No.
5) and purified by differential centrifugation followed by
sucrose gradient fractionation (Shoyinka et al., 1978) in 0.1
M phosphate buffer (pH 7.0). This fractionation was fol-
lowed by Mono-Q chromatography (Pharmacia) attached to
a FPLC system. The column was equilibrated with 50 mM
Tris buffer, pH 7.5, containing 1 mM Azide. After loading 1
ml of the virus at a concentration of 1.1 mg/ml, the virus
was eluted with a linear gradient of NaCl concentration from
0.15 to 0.4 M in the same buffer. The major fraction of the
virus eluted at a concentration of 0.2 M NaCl, pooled,
concentrated to about 17 mg/ml, and stored at 4 jC.
Crystallization of CPMoV
Crystals were grown using vapor diffusion and the
hanging-drop method (McPherson, 1990). Initially, crystals
of CPMoV were found at several different conditions by
using Hampton research screening kit (Hampton Research,
Aliso Viejo, CA). However, these crystals were very
unstable and quickly decayed during X-ray exposure.Usable crystals were grown at 12 jC with 12% 2-propanol,
0.1 M HEPES (pH7.5), and 0.2 M CaCl2 in the reservoir
solution. To the hanging drop, 2 Al of the reservoir solution
was added to 2 Al of the virus solution. Crystals with a
rhombic dodecahedron habit grew to dimensions of ap-
proximately 0.4  0.4  0.2 mm3 within 2 weeks and
diffracted X-ray to approximately 7.0 A˚. It should be noted
that the resolution of the diffraction was not improved by
either using synchrotron radiation or avoiding the crystal
freezing step.
X-ray diffraction data collection
All data were collected on a single crystal frozen at 110
K. To prepare the crystals for freezing, the reservoir solution
described above was used to make 0%, 2%, 5%, 10%, 20%,
and 30% solutions of polyethylene glycol (PEG) 400. The
crystals were transferred to the solutions of increasing
concentrations of PEG, with half-hour incubations at each
step. The crystals were then frozen directly in the 110 K
liquid nitrogen stream at the X-ray source. Data were
collected using a Rigaku rotating anode and an R-axis II
image plate system using a crystal-to-detector distance of
330 mm. The data were collected using an oscillation angle
of 0.25j and an exposure time of 40 min for each frame. A
total of 126 frames were collected. Diffraction maximum
were integrated with the program DENZO (Otwinoski,
1993) and scaled together with the program SCALEPACK
(Otwinowski and Minor, 1997). From initial processing and
scaling results, it appeared that the crystals had at least P23
symmetry with a unit cell dimension of 376 A˚. After scaling
the data using this symmetry assignment, a self-rotation
function was calculated. It was evident from this calculation
that there were two virus particles in the unit cell that were
oriented 90j to each other. Therefore, the crystals were
assigned to the P4232 space group. With the P4232 sym-
metry, two virus particles are at 0,0,0 and 1/2,1/2,1/2, with
five copies of the A, B, and C icosahedral protomers in the
J. Ke et al. / Virology 321 (2004) 349–358 357crystallographic asymmetric unit. The Matthews constant
(VM; Matthews, 1968) for this crystal was calculated to be
3.3 A˚3/Da based on the molecular weight of CPMoV of
8 million Da (Table 2).
Structure determination
The crystal structure of TBSV was used as an initial
model for molecular replacement. This model was used to
generate phases for CPMoV to 10.7 A˚ using CCP4 suite
(Bailey, 1994). The program MAMA (Kleywegt and
Jones, 1994) was then used to calculate a mask using a
6-A˚ probe radius. The real-space-averaging program
RAVE (Kleywegt and Jones, 1999) was then used to
average the five asymmetric units and extend these phases
from 10.7 to 7.0 A˚ resolution. At this resolution, it is
possible to see the secondary structures of CPMoV. As
had been observed in the structures of CarMV and TCV,
the orientation of the P domains was clearly different than
that observed in TBSV. Therefore, when the atomic
coordinates of CarMV became available, it was used as
an initial model to determine the structure of CPMoV.
This model was used to generate phases for CPMoV to
10 A˚ and the mask was generated using a 3-A˚ probe
radius. RAVE (Kleywegt and Jones, 1994) was then used
to average and extend these phases to 7.0-A˚ resolution.
After the model was adjusted (see below), the mask and
phases were recalculated and averaging was repeated.
The CarMV model was then used as an initial model
for structural refinement. Using the program X-PLOR
(Bru¨nger, 1992), rigid body refinement was performed
separately on the S and P domains. When the resulting
model was refined, the Rfree remained approximately 35%.
This is most likely due to the weak data at the higher
resolution. To improve the refinement, the structure factors
from the back-transformation of the 5-fold-averaged map
were used instead of the observed data. This substitution
resulted in a working Rfactor of 23% and greatly improved
geometry. A similar procedure was used in the structure
determination of cucumber mosaic virus (Smith et al.,
2000). Due to the limited resolution of the data, only
minimum rebuilding was performed. The most notable
changes were made in the C-terminus where there was
clear density demarking the longer terminus. The other
major change was in the h1–h2 loop that is six residues
longer in CPMoV than in CarMV. The P and S domains of
CarMV were separately subjected to rigid body refinement
and approximately 60 cycles of energy refinement after
model building using X-PLOR yielding an Rworking of
23%.
Calculation of the P-domain surface contact area
The buried surfaces within the P-domain dimer contact
interfaces were determined by using the program
MSPDB, MS, MSSEP, MSAV (Connolly, 1983a,1983b), and ATMSRF (Sheriff et al., 1985) using a probe
radius of 1.7 A˚.Acknowledgments
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